© Versita Sp. z o.o. Fluorescence spectroscopy and circular dichroism (CD) spectroscopy were used to investigate the interaction of coumarin-3-carboxylic acid with human serum albumin (HSA) and bovine serum albumin (BSA) under physiological conditions in a buffer solution of pH 7.4.
Introduction
The binding ability of a drug to the serum albumin in blood may have a considerable impact on the distribution, free concentration and metabolism of the drug. Binding parameters are, thus, helpful in the study of pharmacokinetics and the design of dosage forms [1, 2] .
Human serum albumin (HSA), the most prominent protein in plasma, has the capability to bind a wide range of endogenous and exogenous compounds such as nonesterified fatty acids, heme, bilirubin, thyroxine, and bile acids, as well as an extraordinarily broad range of drugs [3] [4] [5] [6] [7] . Bovine serum albumin (BSA) is used as a standard as it can be isolated in a highly pure form. Moreover, BSA is highly stable and comparatively cheap.
Coumarin (chromen-2-one) establishes a family of dyes [8] [9] [10] that are applicable in different fields of science and technology. Coumarin and their derivatives have been a subject of considerable interest in numerous fields [11] [12] [13] . They exhibit strong fluorescence in the UV-VIS region that makes them suitable to use as colorants, dye laser media and nonlinear optical chromophores.
The bioactivity of coumarin and more complex related derivatives appears to be based on the coumarin fragment [14] [15] [16] . Biological effects observed include anti-bacterial [17] , anti-thrombotic and vasodilatory [18] and anti-tumourigenic. Coumarin derivatives are used as fluorescent indicators of a region's pH and as fluorescent probes to determine the rigidity and fluidity of a living cell and its surrounding medium. Among coumarins, coumarin-3-carboxylic acid (I) (Fig. 1) has an important chemotherapeutic potential [19] . Moreover, due to its pKa value of 3.28 (data not shown), at the optimum pH = 7.4 used for the proteins, it will be in the dissociated form, enhancing the possibility of electrostatic interactions.
The interesting properties associated with coumarins motivated us for the present investigation, continuing our previous work on other heteroaromatic carboxylic ligandalbumin interactions [20, 21] .
Experimental Procedure

Materials
Bovine serum albumin (BSA, Fraction V, approximately 99%), human serum albumin (HSA, fatty acid free < 0.05%) and coumarin-3-carboxylic acid were purchased from Sigma Chemical Company, St Louis, USA. The solutions of coumarin-3-carboxylic acid, BSA and HSA were prepared in pH 7.4 phosphate buffer; the protein solutions were equilibrated over night and kept in the dark. As the pKa of coumarin-3-carboxylic acid is 3.28, at pH=7.4 we can consider the acid-base equilibrium totally shifted towards the carboxylate form.
Apparatus and methods
Fluorescence measurements were made on Jasco FP-6300 spectrofluorimeter, using a quartz cell of 1 cm path length. Both the excitation and emission slits were set at 5.0 nm. Fluorescence spectra were recorded at three different temperatures (298, 303 and 310 K) in the wavelength range of 300-550 nm, after exciting HSA or BSA at 286 nm. A thermostat water-bath from Lauda was used for controlling the temperature.
CD measurements were made on a Jasco J-815 CD spectrometer using a 1.00 cm cell at 0.2 nm intervals, with three scans averaged for each CD spectrum in the range 200-260 nm. Results are expressed as ellipticity (θ) in millidegrees.
Time-resolved fluorescence decays were recorded in a time-correlated single photon counting FLS920 system from Edinburgh Instruments, with excitation at 304 nm. The data were fitted with a multiexponential decay and χ 2 was less than 1.060. Average lifetimes were calculated according to [22] .
Measurements were made monitoring the changes of the intrinsic properties of albumins (intrinsic fluorescence at 346/339 nm, and the negative CD signal at 208-220 nm) upon increasing the ligand concentrations. On the basis of preliminary experiments, HSA and BSA concentrations were kept fixed at 0.75×10 -6 M and the drug concentrations were varied to ensure a dye to polymer ratio, d/p, in the range 0 -8.03. At these low concentrations, in spite of the extinction coefficient of the ligand at the excitation wavelength (ε 300 ≈10000 M -1 cm -1 ), the inner filter effect was insignificant even for the higher d/p used. The value of the d/p ratio was sufficient to describe the fluorescence quenching process well while avoiding solubility problems.
In order to have an insight on the possible location of the coumarin-carboxylate ion, the experiments were also conducted in the presence of warfarin and ibuprofen, known markers for sites I and II, respectively; aliquots of the ligand were added to a solution containing equimolar concentrations (0.75 μM) of albumin and markers.
Results and Discussions
The fluorescence quenching mechanism
The fluorescence spectra of the albumins in the presence of increasing concentration of (I) are presented in Figs. 2A and 2B and reflect the quenching of the intrinsic fluorescence of albumin.
Fluorescence quenching could proceed via different mechanisms, usually classified as dynamic and static quenching. Increasing temperature is likely to result in decreased stability of complexes, and thus lower values of the static quenching constants.
The steady state fluorescence spectra were first analyzed in terms of the Stern Volmer equation, Eq. 1:
where F 0 and F denote the steady-state fluorescence intensities in the absence and in the presence of quencher (the coumarin-3-carboxylate ion), respectively, K SV is the Stern-Volmer quenching constant, and [Q] is the concentration of the quencher. The Stern-Volmer plots at three temperatures (298, 303, and 310 K) are presented in Figs. 3A and 3B, and the corresponding constants are given in Table 1 . For both albumins, at 0.75 µM concentration, the plots are linear with slopes decreasing with increasing temperature, indicating a predominant static quenching mechanism.
Moreover, the calculation of the bimolecular rate constant, k q using Eq. 2: Fluorescence lifetime analysis was used to differentiate between static and dynamic quenching [24] (Fig. 4) .
In order to determine the SV constant corresponding to dynamic quenching, lifetime measurements for the proteins and protein-ligand mixtures were performed. The decays were triexponential and the three components, 1.04 ns (5.3%), 4.61 ns (49.2%), 8.14 ns (45.5%) (χ 2 = 1.060) and average lifetimes for HSA (6.02 ns) are in good agreement with literature data [25] . The dynamic SV constant is K SV = (4.6±0.6)×10
3 M -1 (R= 0.998) for BSA and (3.4±0.1)×10 3 M -1 (R = 0.990) for HSA, about one order lower than that determined from steadystate measurements, confirming the predominance of the static quenching mechanism due to protein-ligand binding. Therefore, considering the linear shape of the steady state SV plots in the range of the concentrations used, and that the corresponding constants override the value of the dynamic contribution, we have neglected the latter in the following analysis.
The static quenching constants were further determined using the Lineweaver-Burk equation [26, 27] :
where K LB (M -1 ) is the static quenching constant, which describes the binding efficiency of micromolecules to biological macromolecules at ground state. The plots are displayed in Figs. 5A and 5B, and the constants are also listed in Table 1 .
Binding constant and the binding sites
Several models are given in the literature for the determination of the binding parameters, the number of sites and the binding constants, considering one or 
where ν represents the binding ratio, i.e., the ratio of the bound ligand concentration, [L b ] , to the total protein concentration [P t ], [L f ] is the concentration of the free ligand at equilibrium, K is the association constant and n the number of binding sites. Working on the protein band, the calculation of ν is made considering that the measured fluorescence, F, at a given ligand concentration, is due to the unbound protein concentration, [P] :
where F 0 and F denotes the steady-state fluorescence intensities in the absence and in the presence of quencher.
The main problem of the Scatchard equation is that in some models, the free ligand concentration, [L f ] is replaced by the total concentration, i.e., by the amount of the added ligand,
, an approximation which is not always valid. In the following, in order to rationalize our experimental data on the albumin−coumarin-3-carboxylic acid systems, we have focused on Eq. 7, in which such approximations are avoided.
where all the symbols have the same meaning as previously discussed.
The slope of the linear plot of log (
, gives the number of sites, and the intercept with the ordinate is the product n×log K (Figs. 6A and 6B) .
Recently [29] , considering that the ligand protein complex is not totally nonfluorescent, a correction of this equation was suggested. In our case, using the modified equation, the differences between the constants were insignificant (K=5.94×10 4 M -1 vs. 6.14×10 4 M -1 , Table 1 ). According to the data in Table 1 , we can consider that (I) binds to a single albumin site (n ≈1) presenting a moderate 1:1 affinity characterised by a constant of about 5×10 4 M -1 . Although increasing temperature generally leads to an increase in the dynamic quenching process, we observe a decrease in the K SV values, attesting to the predominance of static quenching. The decrease is more pronounced for K LB , which characterizes only the static quenching process.
Thermodynamic analysis and the binding force
The ligand-binding process during protein-ligand complex formation is mainly governed by four types of weak, non-covalent forces including hydrogen bonds, van der Waals force, electrostatic, and hydrophobic interactions. To characterize the acting forces between coumarin-3-carboxylic acid and HSA/BSA, the thermodynamic parameters of the binding were estimated using the van't Hoff equation [30] , considering that the enthalpy change (ΔH 0 ) does not vary significantly in the temperature range studied.
where K is the binding constant at temperature T, and R is the gas constant. The enthalpy and entropy changes (ΔH 0 , ∆S 0 ) are estimated from the plot ln K vs. 1/T (Eq. 8) allowing for calculations of the free energy change (ΔG 0 ):
The values of ΔH 0 , ΔG 0 , and ΔS 0 are included in Table 2 . Ross and Subramanian [31] have characterized the sign and magnitude of the thermodynamic parameter associated with various individual kinds of interaction that may take place in protein association processes.
The negative values of both enthalpy and entropy for (I) and HSA indicate that the binding might involve both hydrogen bonding and van der Waals forces [32, 33] . The large negative ΔH 0 probably came mainly from The emission maximum for the HSA:warfarin 1:1 system is slightly shifted from the usual emission of the albumin at 343 nm to 349 nm. Addition of the ligand results in a gradual decrease of the HSA fluorescence together with a further red shift of the wavelength of the emission maximum from 349 to 361 nm (Fig. 7) .
In the presence of ibuprofen, only a quenching of the emission without a significant shift of the band was observed (Fig. 8) .
To facilitate the comparison of the influence of warfarin and ibuprofen on the binding of (I) to albumins, the binding constants in the presence of site markers were analyzed using Stern-Volmer method and Eq. 7. The corresponding constants are shown in Table 3 .
For both albumins, in the presence of the markers, the 1:1 interaction is maintained, but the constants are differently modified.
For HSA, the results show that the binding constant decreased in the presence of warfarin, while a small influence was noted in the presence of ibuprofen. These results show that binding of (I) is perturbed by the presence of warfarin.
For BSA, the binding constant is modified more in the presence of ibuprofen (Table 3 ) than in the presence of warfarin, attesting to a more probable location of (I) in site II.
Synchronous fluorescence spectroscopy
Synchronous fluorescence spectra can provide information about the molecular environment in the vicinity of the fluorophore, in our case the tryptophan (Trp) and tyrosine (Tyr) residues. The Δλ values, i.e., the difference between the excitation and emission wavelengths, that characterize the local environment around Trp and Tyr are Δλ = 60 nm and Δλ = 15 nm, respectively [39] . The effect of (I) on HSA/BSA synchronous fluorescence spectroscopy is shown in Fig. 9A for HSA and Fig. 9B for BSA, at Δλ = 60 nm.
For both proteins it can be observed that for the d/p used, there was not a significant change in the band positions, but only a dramatic quenching in the emission intensities, about 65%. This led to the conclusion that the binding of (I) to the proteins did not produce a change in the polarity of the microenvironment of the Trp residues [40, 41] .
Energy transfer between coumarin-3-carboxylic acid and HSA/ BSA
The importance of the Förster resonance energy transfer in biochemistry is that the efficiency of transfer can be used to evaluate the distance between the ligand and the tryptophan residues responsible of the natural intrinsic fluorescence of the protein.
According to Förster's non-radiative energy transfer theory [42] , the rate of energy transfer depends on: (i) the relative orientation of the donor and acceptor dipoles, (ii) the extent of overlap of the fluorescence emission spectrum of the donor with the absorption spectrum of the acceptor, and (iii) the distance between the donor and the acceptor. The energy transfer effect is related not only to the distance between the acceptor and donor, but also to the critical energy transfer distance, R 0 , as described in Eq. 10:
where τ and τ 0 are the averaged protein lifetime in the presence and absence of (I), r is the distance between the donor and the acceptor and R 0 is the critical distance when the transfer efficiency is 50%:
where k 2 is the spatial orientation factor of the dipole; N is the refractive index of the medium; Φ is the fluorescence quantum yield of the donor; and J is the overlap integral of the fluorescence emission spectrum of the donor and the absorption spectrum of the acceptor. J is given by:
is the fluorescence intensity of the fluorescent donor at wavelength λ and ε(λ) is the molar absorption coefficient of the acceptor at wavelength λ. In the present case, k 2 = 2/3, N = 1.36 and Φ = 0.15. The efficiency was calculated from time resolved data.
The donor-to-acceptor distance, r <7 nm [43, 44] indicated that the energy transfer from HSA/BSA to coumarin-3-carboxylic acid occurs with high possibility. Further, the value of r obtained in this way agrees very well with the literature value of substrate binding to serum albumin at site IIA [45, 46] . The only aspect that should be noticed is that the BSA has two Trp residues, so that the donor-to-acceptor distance found may be in fact an average distance of the (I) from the two Trp residues.
3.2.
To ascertain the possible influence of (I) binding on the secondary structure of HSA/BSA, CD measurements were performed in the presence of different concentrations of coumarin-3-carboxylic acid (Figs. 11A and 11B) . CD spectra of HSA/BSA exhibit two negative bands in the ultraviolet region at 208 and 222 nm, which are characteristic for α-helix structure of proteins [47] . The binding of coumarin-3-carboxylic acid to proteins ) of (I) to HSA and BSA; in brackets the correlation coefficients, R. Using Eq. 7, for all cases, as n ≈1 it was not included. Figure 10. The overlap of (a) the fluorescence spectrum of HSA and (b) the absorption spectrum of (I). inset: The overlap of (a) the fluorescence spectrum of BSA and (b) the absorption spectrum of (I).
Effect of the binding process on the protein conformation
caused a decrease in both bands, indicating a decrease of the α-helix content in proteins. The CD results were expressed in terms of mean residue ellipticity (MRE) [41] in deg cm 2 dmol −1 according to the following equation:
where θ obs is the observed ellipticity from CD spectra in millidegrees, C p is the molar concentration of the protein, n is the number of amino acid residues of the protein and l is the path length of the cell. The α-helix content of HSA/BSA is calculated from MRE values at 208 nm using the following equation [48] :
α-helix %= [(-MRE 208 -4000)/(33000-4000)] ×100 (14) where MRE 208 is the observed MRE value at 208 nm, 4000 is the MRE value of random coil conformation, 33000 is the MRE value of a pure α-helix and β-form at 208 nm. From the above equation, the α-helix content of HSA/BSA was determined, the corresponding values being listed in Table 5 . The decrease of α-helix content is 1.59 % for HSA and 1.21 % for BSA, when the molar ratio of drug/protein is 4.86.
The decrease of the CD signal indicated that the binding of (I) to the two proteins induced some conformational changes in the latter, but the secondary structure of HSA / BSA remains predominantly α-helix.
Conclusions
In this work, the interaction of HSA/BSA with the coumarin-3-carboxylic acid − more precisely with the carboxylate ion, which is the dissociated species present at pH=7.4 − was studied by spectroscopic methods including steady-state and time-resolved fluorescence spectroscopy and CD spectra.
The analysis of the steady state fluorescence quenching data at several temperatures as compared to the results of the dynamic quenching shows that the quenching is mainly due to a static mechanism. The results obtained applying the Lineweaver-Burk treatment and a Scatchard-type equation show that for both proteins there is a 1:1 interaction with a binding constant of about 10 4 M -1 implying a moderate affinity. The competitive binding experiments in the presence of warfarin and ibuprofen as site markers indicate that in the case of HSA, coumarin-3-carboxylic acid binds with higher probability to the warfarin site, while for BSA, binding is predominantly to the ibuprofen site. The difference between the binding processes for the two proteins is also reflected by thermodynamic parameters attesting to the predominance of hydrogen bond and van der Waals forces in the case of HSA, and of electrostatic forces in the case of BSA.
The results of synchronous fluorescence spectroscopy suggested that binding between coumarin-3-carboxylic acid and the proteins did not lead to a change in the polarity of the microenvironment of the Trp residues. The analysis of the fluorescence quenching in terms of the Forster mechanism indicates a probable distance between the Trp214 and the ligand of about Energy transfer parameters: J, the overlap integral; E, the efficiency of energy transfer; R 0 , the critical distance; r, the distance between the donor and the acceptor. 3 nm. The changes in the HSA and BSA secondary structure monitored by circular dichroism are consistent with a slight decrease of the protein's α-helix content upon the binding process.
